
ELECTROSTATIC EMISSION OF ELECTRONS FROM SILICON 

!2 N65-27701 
s (THRU) 
i 

UCCCSSiON NUMBER) 
I E a  / '  

I 8Z i 2 
3 
6 
t IPAQES) 

(NASA CR OR TMX OR AD NUMBER) ICATIOORY) 

0. D. Protopopov 

Translation of "Elektrostaticheskaya emissiya elektronov iz kremniya" ' 
Seriya Fiziko-Matematicheskikh Nauk, Vol. 8, No. 4 ,  pp. 62-72, 1964. 'A. 

Izvestiya Akademii Nauk Uzbekskoy SSR. 

GPO PRICE $ 

OTS PRICE(S) $ 

Hard copy (HC) -/ 
Microfiche (M F) a 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
WASHINGTON JUNE 1965 



* -  
* *  

NASA TT F-9404 

ELECTROSTATIC EMISSION OF ELECTRONS FROM SILICON 

3 7 7 4  
Determination of t h e  volt-ampere c h a r a c t e r i s t i c s  f o r  

e l e c t r o s t a t i c  e l e c t r o n  emission of s i l i c o n .  The charac te r -  
i s t ics ,  represented  g raph ica l ly ,  are gene ra l ly  s t r a i g h t  
l i n e s  tending  t o  d e f l e c t  a t  high vo l t ages .  
technique is  used t o  ob ta in  clean s i l i c o n  e m i t t e r  s u r f a c e s  
which permit a q u a l i t a t i v e  comparison of experimental  d a t a  
wi th  t h e o r e t i c a l  f i g u r e s  and reduce t h e  p r o b a b i l i t y  of 
boron d i f f u s i o n .  A model of "heating" of t h e  e l e c t r o n  gas  
i s  used t o  c l a r i f y  t h e  behavior of t h e  volt-ampere charac- 
t e r i s t ics  at h igh  vo l t ages .  

A deso rp t ion  

The e l e c t r o s t a t i c  emission of e l e c t r o n s  (EEE) has  been s t u d i e d  completely 

only i n  t h e  case of metals; va r ious  volt-ampere c h a r a c t e r i s t i c s  of emission /62 
have been obtained f o r  semiconductors,  t h e  course of which i s  q u i t e  d i f f i c u l t  

t o  e x p l a i n  c h i e f l y  because of unce r t a in ty  wi th  regard t o  t h e  cond i t ion  of t h e  

e m i t t i n g  su r face .  A s tudy  of EEE from semiconductors w i th  c a r e f u l  c o n t r o l  of 

t h e  s ta te  of t h e  emi t t i ng  s u r f a c e  (and, poss ib ly ,  t h e  l a y e r  ad jacent  t o  i t )  

w i l l  enable  one t o  prove t h e  cor rec tness  of t h e  c u r r e n t  t h e o r i e s  of EEE from 

semiconductors and t o  examine t h e  r o l e  of s u r f a c e  cond i t ions ,  t h e  e f f e c t s  of 

s t r o n g  f i e l d s  and s o  f o r t h .  

A g r e a t  i n t e r e s t  i n  s i l i c o n ,  as the  s t a r t i n g  material f o r  t h e  semiconduc- 

t o r  i n d u s t r y  and t h e  product ion on an i n d u s t r i a l  scale of monocrystals of s i l i -  

con w i t h  very  good c o n t r o l  of t h e  e l ec t rophys ica l  p r o p e r t i e s  have determined 

i t s  choice  as t h e  o b j e c t  of our i nves t iga t ions .  

A c h a r a c t e r i s t i c  p rope r ty  of s i l i c o n ,  as t h e  o b j e c t  of a s tudy  of EEE, i s  

i t s  ve ry  g r e a t  chemical a c t i v i t y  and t h e  d i f f i c u l t y  of c leaning  t h e  s u r f a c e  of 

ox ide  f i l m ,  t h e  mel t ing  po in t  of which is  h ighe r  than the  mel t ing  po in t  of 

- /Numbers i n  t h e  margin i n d i c a t e  pagina t ion  of t h e  o r i g i n a l  f o r e i g n  text .  
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s i l i c o n  i t s e l f .  I n  add i t ion ,  t h e  extremely i n s i g n i f i c a n t  "contamination" of 

t h e  s u r f a c e  and volume by fo re ign  atoms, combined wi th  t h e  p r o j e c t o r  technique 

(completely immaterial f o r  metals), can s t r o n g l y  d i s t o r t  i t s  semiconductor 

p r o p e r t i e s .  A l l  t h i s  creates a d d i t i o n a l  d i f f i c u l t i e s  i n  the  usua l  p r o j e c t o r  

technique connected w i t h  metallic and comparatively i n e r t  semiconductor e m i t -  

ters. 

D'Azaro [l] f i r s t  c leansed t h e  monocrystal l ine s u r f a c e  of s i l i c o n  of con- 

taminants (mainly, apparent ly ,  t h e  mono- and di-oxides of s i l i c o n )  by hea t ing  

t h e  p o i n t  and by simultaneous a c t i o n  on i t  of an  e lectr ical  f i e l d .  The oxide 

f i l m  w a s  " to rn  o f f "  from t h e  h o t  po in t  and t h e  pure  emission p a t t e r n  of s i l i c o n  

of chosen o r i e n t a t i o n  w a s  obtained. The volt-ampere curve proved t o  be l i n e a r  

i n  t h e  range of c u r r e n t s  from 4*10-6 up t o  2*lO-' A. It w a s  impossible  t o  com- 

p a r e  t h e s e  r e s u l t s  w i t h  t h e  c u r r e n t  theory of EEE from semiconductors of Mor- 

gulis-Stratton-Vasil'yev [2-51 s i n c e  the  s i l i c o n  w a s  of p-type and s t r o n g l y  

degenerated because of a l a r g e  concent ra t ion  of boron admixtures (up t o  1020 

__ 

atoms i n  1 cm 3 ). 

Allen  e t  a l .  [6]  showed t h a t  t h e  emission p a t t e r n  of s i l i c o n  can be  ob- 

t a i n e d  only a f t e r  h e a t i n g  t o  temperatures of about t h e  mel t ing  p o i n t  without  

a p p l i c a t i o n  of a f i e l d ;  i n  p r i n c i p l e ,  i t  i s  p o s s i b l e  c a r r y  ou t  p u r i f i c a t i o n  of 

t h e  s i l i c o n  s u r f a c e  by h igh  temperature h e a t i n g  thanks t o  t h e  very  h igh  p res su re  

of t h e  s a t u r a t e d  vapors  of i t s  oxides and t o  a temperature  i n  t h e  v i c i n i t y  of 

t h e  mel t ing  p o i n t  of s i l i c o n ,  although t h e  emitter a t  such a temperature is 

very  "dulled".  The au thors  obtained emission p a t t e r n s  similar t o  those  obta ined  

i n  [l]. However, i t  w a s  impossible  t o  compare the  experimental  d a t a  wi th  t h e  

t h e o r e t i c a l  s i n c e ,  dur ing  hea t ing  of t h e  s i l i c o n  t o  temperatures  of about 1550- 

1600°K, a c e r t a i n  amount of boron f e l l  onto t h e  po in t  from t h e  s u r f a c e  of t h e  

/63 
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ins t rument ,  made of b o r o s i l i c a t e  g l a s s ,  and i t  may have d i f f u s e d  i n t o  t h e  depths 

of t h e  po in t  forming a s u r f a c e  of the p-type which i s  u s u a l l y  a l r eady  s t r o n g l y  

degenerated (more than  1015 e l e c t r o n s  i n  1 cm ). 

on is  a b l e  t o  d i f f u s e  i n t o  t h e  depths  of t h e  po in t  i n  a few minutes a t  a d i s -  

tance  on t h e  o rde r  of s e v e r a l  microns. The amount of boron which can "spoi l"  

t h e  o r i g i n a l  type  of emitter is less than one thousandth of a mono-layer [ 6 ,  71. 

The water vapors ,  t h e  ''carriers'' of boron from t h e  s u r f a c e  of t h e  g l a s s  t o  t h e  

p o i n t ,  ev iden t ly  p lay  an important ro l e .  

2 A t  such temperatures  t h e  bor- 

The volt-ampere curves of EEE from th read - l ike  s i l i c o n  monocrystals w e r e  

p l o t t e d  by t h e  au tho r s  of paper [ 8 ] .  The emitters were heated i n  a vacuum a t  

temperatures  of about 400OC.  A t  such a temperature  boron d i f f u s i o n  can be d i s -  

regarded,  bu t  t h e  presence of an oxide f i l m  cannot be. The absence of emission 

p a t t e r n s ,  t h e  necessary c r i t e r i o n  of a c l ean  s u r f a c e ,  decreases  t h e  va lue  of t h e  

d a t a  obta ined  t o  a s i g n i f i c a n t  degree.  
~ 

Fische r  [9]  no te s  t h a t  high temperature hea t ing  of s i l i c o n  i n  a vacuum 

g ives  d i f f e r e n t  volt-ampere curves which apparent ly  may b e  r e l a t e d  t o  a d i f f e r -  

e n t  degree  of "poisoning" of t h e  su r face  and of t h e  volume of boron. H i s  re- 

mark concerning t h e  f a c t  t h a t  t h e  "configurat ion" of the emission p a t t e r n  depends 

on t h e  method of hea t  t reatment  and cool ing of t h e  emi t te r ,  deserves  note .  

Two c h a r a c t e r i s t i c  types  of volt-ampere curves of EEE from s i l i c o n  (non- 

l i n e a r  w i t h  some breaking i n  t h e  a r e a  of l a r g e  c u r r e n t s  i n  t h e  d i r e c t i o n  of de- 

c r e a s i n g  c u r r e n t ,  and l i n e a r  - without breaking)  w e r e  observed by Per ry  [ l o ] .  

Measurements were made under both s t a t i c  and pu l se  condi t ions .  

ed t h e s e  two types of curves  wi th  t h e  process  of c leaning  t h e  s u r f a c e  of t h e  

p o i n t s .  

The au thor  l ink-  

The p o i n t s  from which t h e  curves wi th  breaking were obtained were cleaw 

ed by t h e  method descr ibed  i n  paper [l] g i v i n g a s u r f a c e  comparatively uncontami- 
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nated by boron without  a dense s t a b l e  p-layer. 

l i n e  curve without  breaking were cleaned by hea t ing  a t  temperatures  of about 

1600°K, s o  t h a t  boron could d i f f u s e  i n t o  t h e  s i l i c o n  forming a s t a b l e  p-layer on 

t h e  su r face .  The au thor  sugges ts  t h a t  t h e  s t r a i g h t - l i n e  curves of EEE are s i m i -  

l a r  t o  t h e  volt-ampere curves of EEE from metals and are produced because of t h e  

s t rong ly  degenerated l a y e r  of t h e  p-type which does not  a l low t h e  f i e l d  t o  pene- 

t ra te  inward and t o  d i s t o r t  t h e  energy bands. The d i s c o n t i n u i t y  i n  t h e  non- 

l i n e a r  curve is  l inked  wi th  t h e  pene t r a t ion  of t h e  f i e l d .  

The p o i n t s  y i e l d i n g  a s t r a i g h t -  

I n  paper  [ll], t o  v e r i f y  t h e  r o l e  of boron d i f f u s i o n  i n t o  t h e  s i l i c o n  su r -  

f a c e  of t h e  p o i n t s ,  c leaning  w a s  done by high-temperature hea t ing  i n  a p r o j e c t o r  

made of s p e c i a l  g l a s s  no t  conta in ing  boron. Due t o  t h e  f a c t  t h a t  t h e  whole 

vacuum appara tus  w a s  made of boron-containing pyrex g l a s s ,  poisoning by boron 

occurred,  bu t  t o  a smaller degree;  t h e  p-layer turned out  t o  b e  very  much th in -  
__ 

ner  and f o r  one sample, i t  w a s  found (from t h e  thermo-e.m.f.) t h a t  approximately 

ha l f  of t h e  s u r f a c e  remained n-type. Such p o i n t s  gave nonl inear  volt-ampere 

curves ,  which enabled t h e  au tho r ,  using e l e c t r o n  microphotography of t h e  p o i n t s ,  

t o  some degree t o  compare t h e  d a t a  obtained wi th  t h e  t h e o r e t i c a l .  

A l l en  [12] used a more complete method of c leaning  t h e  p o i n t s  - f i e l d  de- 

s o r p t i o n  [13] ,  which p r a c t i c a l l y  e l imina tes  boron d i f f u s i o n .  However, he  - / 64 

could n o t  c lean  t h e  s i l i c o n  s u r f a c e  by t h i s  method ( f o r  s i l i c o n ,  volt-ampere 

curves w e r e  ob ta ined  a f t e r  high-temperature hea t ing  having t h e  s t r a i g h t - l i n e  

form),  h u t  f o r  t h e  germanium s u r f a c e  a s t r a i g h t - l i n e  curve w a s  obtained i n  

c u r r e n t  ranges from 1.10 up t o  1.10 A ,  i n  d i s t i n c t i o n  t o  t h e  volt-ampere 

curves w i t h  a break  obta ined  i n  t h e  paper [14] ,  t h e  au tho r s  of which d id  no t  

observe a symmetrical  emission pa t t e rn .  

-6 -11 

However, as S t r a t t o n  showed [ 4 ] ,  a 

s t r a i g h t - l i n e  shape of t h e  volt-ampere curves is  p o s s i b l e  under some except iona l  

4 



. 
condi t ions  (with a p r e v a i l i n g  flow of EEE from t h e  va lence  zone and i n  t h e  case 

of l i n e a r  d i s t r i b u t i o n  of t h e  s u r f a c e  states). Numerical c a l c u l a t i o n  [15 ] ,  

according t o  theory [ 3 ] ,  gives  an  approximate s t r a i g h t - l i n e  r e l a t i o n s h i p  under 

some condi t ions .  

Thus, t o  o b t a i n  r e l i a b l e  experimental  d a t a  on EEE from s i l i c o n ,  i t  i s  

necessary  t o  produce emission p a t t e r n s  r e f l e c t i n g  t h e  s t r u c t u r e  of a monocrys- 

t a l  of chosen o r i e n t a t i o n .  The emission p a t t e r n  i n d i c a t e s  t h a t  t h e  s u r f a c e  is 

a tomica l ly  c l ean  i n  t h e  sense  of what is usua l ly  spoken of as t h e  s u r f a c e  of 

t h e  metall ic p o i n t ,  g iv ing  a "pure" emission p a t t e r n .  However, from t h e  e m i s -  

s i o n  p a t t e r n  of s i l i c o n  i t  is  impossible t o  determine the presence  of ve ry  

s m a l l  amounts of boron ( l e s s  than  one-thousandth of a monolayer),  l oca t ed  on 

t h e  s u r f a c e  and d i f f u s i n g  i n t o  it. For t h i s  reason,  i t  is  necessary t o  be  s u r e  

t h a t  t h e  s u r f a c e  and t h e  area adjacent  t o  t h e  s u r f a c e  is no t  "poisoned" by 

boron, which d i s t o r t s  t h e  o r i g i n a l  e lec t ro-phys ica l  c h a r a c t e r  of t h e  r e fe rence  

monocrystal .  

__ 

I n  t h e  p re sen t  work, w e  used t h e  method of f i e l d  deso rp t ion  [13] t o  o b t a i n  

emission p a t t e r n s ,  which s a t i s f i e s  these  demands and permi ts  c leaning  of t h e  

s i l i c o n  p o i n t  wi thout  prolonged' heat ing a t  a h igh  temperature.  

t h a t  w i t h  t h e  comparatively low temperatures and s h o r t  d u r a t i o n  of h e a t i n g  nec- 

e s s a r y  f o r  t h e  i n i t i a l  degassing,  t h i s  method a l lows  one t o  d i s r ega rd  boron d i f -  

fu s ion .  

W e  cons ider  

EXPERIMENTAL RESULTS 

The s tock  of p o i n t s  w a s  sharpened as i n  [ l ]  from monocrys ta l l ine  moldings 

of i n d u s t r i a l  s i l i c o n  according t o  d e f i n i t e  d i r e c t i o n s  i n  t h e  shape of a prong 

- 1 (Figure  1) w i t h  an ex tens ion  2 a t  i t s  apex. The lower p a r t  of t h i s  prong- 

5 



suspension w a s  clamped t o  o b t a i n  a secure  e lectr ical  con tac t  w i th  a s p e c i a l  

c r y s t a l  ho lder  3 permi t t i ng  hea t ing  of i t s  upper p a r t  by passage of a c u r r e n t .  

8 
I 

F igure 1 

Since t h e  c r o s s  s e c t i o n  of t h e  prong is  smallest i n  the  upper p a r t ,  t h i s  p a r t  /65 

can be hea ted  t o  a h igh  temperature  while  i t s  lower p a r t  ( t oge the r  wi th  t h e  

c r y s t a l  ho lde r )  remains comparatively cool ,  which p r a c t i c a l l y  completely e l i m i -  

n a t e s  t h e  p o s s i b i l i t y  of contamination of t h e  po in t  with t h e  c r y s t a l  ho lde r  dur- 

i n g  hea t ing .  This method of hea t ing  has t h e  advantage, i n  d i s t i n c t i o n  t o  o t h e r s ,  
~ 

t h a t  a l l o y s  of metals wi th  s i l i c o n  which have very low mel t ing  p o i n t s  and conse- 

quent ly  can heav i ly  contaminate t h e  su r face  of t h e  p o i n t  are no t  formed a t  t h e  

p o i n t  of contac t  due t o  t h e  low temperature.  

The s tocks  were c u t  w i t h  a revolving fe r ro-n icke l  d i s k  dampened wi th  a sus- 

pension of a f i n e  ab ras ive  i n  tu rpen t ine .  

prong w a s  ground i n  t h e  shape of a cy l inder  wi th  a diameter  of t h e  c ros s  s e c t i o n  

of 0.8 mm and a l eng th  1.5 mm, us ing  a revolving d i s k  (1400 rpm) dampened wi th  

a suspens ion  of very f i n e  s y n t h e t i c  corundum i n  SU o i l  o r  t u rpen t ine .  

The ex tens ion  2 at  t h e  apex of t he  

The o v e r a l l  dimensions of t h e  s tock  ( 1  x 4,  8 x 15 mm) w e r e  s e l e c t e d  s o  

t h a t  i t  could be placed i n  t h e  ob jec t ive  holder  of an e l e c t r o n  microscope ( l e n s  

f o r  gaseous medium). 

A f t e r  gr inding  of t h e  cy l inde r  the s t o c k  w a s  e tched i n  some chemical cor- 

6 



r o s i v e s  t o  o b t a i n  ''rounding" of t he  sharp edges and t h e  c y l i n d r i c a l  ex tens ion  

w a s  e tched t o  a po in t  i n  a f r e s h l y  prepared s o l u t i o n  of 41.5% HF and "fuming" 

HNO i n  t h e  propor t ion  of 1:4.5. The s tock ,  f a s t ened  i n  t h e  c r y s t a l  ho lde r ,  

w a s  r o t a t e d  around i ts  a x i s  (60 rpm) and lowered i n t o  an e l e c t r o l y t e  ba th .  A 

plat inum p l a t e  wi th  an opening of 1 .5  nun l y i n g  on t h e  s u r f a c e  of t h e  e l e c t r o -  

l y t e  se rved  as t h e  cathode. The focused ray of l i g h t  w a s  d i r e c t e d  from t h e  

s i d e  onto t h e  c y l i n d r i c a l  p a r t  which was lowered i n t o  t h e  e l e c t r o l y t e  thourgh 

t h i s  opening t o  has t en  t h e  process  of e t ch ing  and t o  o b t a i n  a smooth s u r f a c e  

( i l l umina t ion  r e s u l t s  i n  an inc rease  i n  t h e  concen t r a t ion  of c u r r e n t  carriers 

i n  t h e  s u r f a c e  l a y e r ) .  This  w a s  p a r t i c u l a r l y  expedient  dur ing  e tch ing  of t h e  

p o i n t s  of n-type s i l i c o n ,  s i n c e  i n  t h i s  case a decrease  i n  t h e  r e c t i f y i n g  bar- 

rier on t h e  s i l i c o n - e l e c t r o l y t e  i n t e r f a c e  shows up p a r t i c u l a r l y .  The e t ch ing  

c u r r e n t  w a s  s e l e c t e d  according t o  t h e  type  of t h e  sample, i t s  r e s i s t e n c e ,  t h e  

3 

temperature  of t h e  e l e c t r o l y t e  and sample and t h e  phase of e tch ing  w i t h i n  t h e  

l i m i t s  of 100 t o  0.5 ma. Inasmuch as t h e  s t o c k  can be  heav i ly  contaminated by 

t h e  e t ch ing  cu r ren t  pass ing  over i t ,  inc reas ing  t h e  degree of chemical e t ch ing  

of t h e  e l e c t r o l y t e ,  i t  w a s  blown out  by a j e t  of a i r  from a nozz le  placed t o  

t h e  s i d e .  

t h e  v e l o c i t y  of v e r t i c a l  t r a v e l  of the  p o i n t ,  c a r r i e d  out  wi th  t h e  he lp  of a 

micrometer screw. With opt imal  r egu la t ion  of t h e  e t ch ing ,  p o i n t s  w e r e  obtained 

wi th  a rounded t a p e r  c r o s s  s e c t i o n ,  a semiangle t a p e r  of 6-7" and a r a d i u s  of 

cu rva tu re  of t h e  apex of less than l m i c r o n .  The l eng th  of t h e  t a p e r  w a s  

u s u a l l y  0.4-0.8 mm. 

s i n c e  w i t h  f i e l d  desorp t ion  t h e  point  is  very  s t r o n g l y  blunted.  

t h e  p o i n t  and t h e  c r y s t a l  ho lde r  w a s  washed i n  w a r m  doubly d i s t i l l e d  water, 

d r i e d  w i t h  f i l t e r  p a p e r  and then washed i n  HF and a b s o l u t e  a lcohol .  

The r equ i r ed  semiangle taper  of t h e  po in t  w a s  obtained by choosing 

A semiangle of the  t a p e r  of more than  7" w a s  no t  u s e f u l ,  

Af t e r  e t ch ing  

The usua l  
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t i m e  needed f o r  

The c r y s t a  

i n  diameter  [ 4 ]  

prepar ing  t h e  poin t  i s  5-7 hours.  

ho lder  3 (F igure  1 )  i s  two tungs ten  rods 35 mm long and 

f a s t ened  approximately i n  t h e  middle wi th  a g l a s s  bead 5. 

mm 

The 

rods were ground t o  h a l f  t h e  diameter on a po l i sh ing  wheel and t h e  s u r f a c e s  

obta ined  were c a r e f u l l y  pol ished.  

i n g  and e l e c t r o l y t i c  e t ch ing  i n  a s o l u t i o n  of a l k a l i  ( e l e c t r o l y t i c  po l i sh ing  

formula) .  

tungs ten  t e rmina l s  6 prepared from tungsten w i r e  w i th  a diameter  of 0 . 3  mm. 

The sharp  ends of t h e  te rmina ls  w e r e  sea led  from above by t h e  plat inum f o i l  

welded t o  them, i n  o rde r  t o  prevent  poss ib l e  s t r a y  emissions.  

placed between t h e  smooth s u r f a c e  of t he  rods and t h e  spr ingy  tungs ten  termi- 

n a l s ,  had a very  secu re  e lectr ical  contac t .  A t  t h e  s i d e  of t h e  bead t h e r e  w a s  

welded a t h i r d  tungs ten  rod 1, on which w a s  pu t  a r i n g  8, covered i n s i d e  and 

o u t s i d e  (made of annealed tan ta lum) ,  with a ho lde r  2. 

under t h e  p o t e n t i a l  ground and prevents  emission from t h e  c r y s t a l  ho lder .  

/66 
The sharp  edges w e r e  o b l i t e r a t e d  by gr ind-  

Nearer t o  t h e  bead t h e r e  were welded ( ac ross  t h e  plat inum f o i l )  

The sample 

~ 

This  r i n g  is supported 

Sphe r i ca l  p r o j e c t o r s  of t h e  usua l  t ype  wi th  a conducting coa t ing  were 

used. 

t i o n  of t h e  vo l t age  i n  desorp t ion ,  corresponding notches were made a t  t h e  p l ace  

where t h e s e  con tac t s  are clamped t o  the  conducting l a y e r  i n  t h e  g l a s s .  

To prevent  emission from t h e  "abutment" con tac t s  during r eve r se  connec- 

It w a s  found t h a t  t h e  process  of so lde r ing  t h e  shank i n  t h e  p r o j e c t o r  and 

t h e  h e a t i n g  f o r  degassing of t h e  g l a s s  system t o  40OoC have a very  g r e a t  e f f e c t  

on t h e  th i ckness  of t h e  oxide f i lm.  Therefore ,  be fo re  p l ac ing  t h e  po in t  i n  t h e  

p r o j e c t o r ,  t h e  l a t t e r ,  t oge the r  wi th  t h e  manometer and t h e  g e t t e r ,  were carefu l -  

l y  degassed and unsoldered from the  vacuum apparatus .  

a l s o  inc luded  a prolonged bombardment of t h e  conducting coa t ing  and t h e  lumi- 

nophore wi th  e l e c t r o n s  wi th  an energy of up t o  25-30 kev. 

The process  of degassing 

Af te r  e tch ing  of 
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. .  

t h e  po in t  i n  t h e  thus  prepared apparatus  f o r  10-15 min. t h e  po in t  w a s  mounted 

and so ldered  onto t h e  vacuum appara tus ,  

Fu r the r  degassingof  t h e  g l a s s  w a s  conducted w i t h  continuous c o n t r o l  of 

t h e  vacuum condi t ions .  Evacuation w a s  c a r r i e d  out  wi th  t h e  usua l  mercury 

pumps, unsolder ing -- a t  a p res su re  of % 10-9 mm mercury a f t e r  degassing t h e  

g l a s s  a t  a temperature  of % 4OOOC f o r  8-10 hours.  Af t e r  a tomiza t ion  of t h e  

t h i n  f i l m s  of electron-bombarded s i l i c o n ,  t i t an ium and tantalum, t h e  p re s su re  

of t h e  r e s i d u a l  gases  w a s  less  than 10 mm of mercury according t o  readings  -10 . 

of t h e  Bayard-Alpert manometer. 

sec. )  a t  950-1350°K. The b r i e f  bakings a l s o  decreased t h e  p r o b a b i l i t y  of con- 

The po in t s  were hea ted  f o r  b r i e f  per iods  (20 

taminat ion of t h e  po in t  from t h e  c r y s t a l  ho lder .  The temperature w a s  c o n t r o l l -  

ed wi th  an  o p t i c a l  pyrometer wi th  a c o r r e c t i o n  f o r  t h e  appropr i a t e  c o e f f i c i e n t  

of r a d i a t i o n  of s i l i c o n  [16] and t h e  decrease i n  temperature  a long t h e  t a p e r  of 

t h e  p o i n t  [12]. 
~ 

Inasmuch as t h e  temperature r e l a t i o n  of t h e  r e s i s t a n c e  of 

s i l i c o n  has  a sha rp ly  nonl inear  cha rac t e r  [ 1 7 ] ,  t o  e s t a b l i s h  t h e  necessary  cur-  

r e n t  i n  t h e  c i r c u i t  of t h e  po in t  a choke c o i l  w i th  an a d j u s t a b l e  s a t u r a t i o n  w a s  

used as a b a l l a s t  r e s i s t a n c e  (Figure 2 ) .  During t h e  i n i t i a l  hea t ing ,  when 

t h e r e  w a s  an  oxide f i l m  of g r e a t  r e s i s t a n c e  between t h e  s i l i c o n  and t h e  termi- 

n a l s ,  s p e c i a l  high-voltage equipment f o r  "breaking through" t h i s  f i l m  w a s  used. 

A f t e r  t h i s  pre l iminary  t reatment  of t h e  s u r f a c e ,  c leaning  of t h e  p o i n t  by 

t h e  f i e l d  desorp t ion  method w a s  ca r r i ed  out  [13] ,  a l lowing cons tan t  observa t ion  

f o r  changes i n  t h e  emission p a t t e r n  during deso rp t ion  ( i n  F igure  2 t h e  p o s i t i o n  

of t h e  swi tches  P P 

minimal p o s s i b l e  temperature  of t h e  poin t  f o r  i n i t i a l  degassing be fo re  desorp- 

t i o n  i s  % 1350°K. 

dur ing  desorpt ion is a t  IJ. It w a s  e s t a b l i s h e d  t h a t  t h e  1 2  

Heating a t  a lower temperature  l e a d s  t o  t h e  po in t  o f t e n  

"co l laps ing"  wi th  t h e  r e v e r s e  f i e l d  (apparent ly  a long a s o r t  of s l i d i n g  p lane  

9 



. _  

of t h e  c r y s t a l )  and t h e  r ad ius  of curva ture  inc reases  very  g r e a t l y .  

The s i g n i f i c a n t  vacuum condi t ions were: 

This  is  connected, ev iden t ly ,  w i th  t h e  f a c t  t h a t  t he  

t h e  vacuum must be  much b e t t e r  /67 

than  mm of mercury. 

c o e f f i c i e n t  of adhesion'' of t h e  r e s i d u a l  gasses  f o r  s i l i c o n ,  which has  a very  II 

g r e a t  a f f i n i t y  f o r  oxygen, i s  l a r g e .  

Figure 2 

The reverse vo l t age ,  necessary  t o  s tar t  desorp t ion  of s i l i c o n ,  exceeds by 

cu r ren t  of 

Figure 3 
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The p r i n c i p a l  e lectr ical  c i r c u i t  f o r  desorp t ion  and measurements is  pre- 

s en ted  i n  F igure  2.  

pu l se  measurements; 3 - measurements i n  a s t a t i c  system. 

were c a r r i e d  out  by t h e  method descr ibed i n  paper [19] .  

p u l s e  c u r r e n t s  of s m a l l  magnitude, the  broad-band a m p l i f i e r  of t h e  OK-17M os- 

c i l l o g r a p h  w a s  used wi th  some modi f ica t ions  (a t  t h e  inpu t  - a cathode fo l lower  

w i t h  c a l i b r a t e d  inpu t  r e s i s t a n c e s ,  r e j e c t o r  f i l t e rs  f o r  suppress ing  s t r a y  /68 

o s c i l l a t i o n s ,  e t c . ) .  I n  measuring l a r g e  c u r r e n t s  t h e  s i g n a l  w a s  t r ansmi t t ed  

d i r e c t l y  t o  t h e  beam-deflection p l a t e  of t h e  tube.  The d u r a t i o n  of vo l t age  

pu l ses  w a s  1 .6  x sec. The e r r o r  of t h e  measurements w a s  determined pr in-  

c i p a l l y  by t h e  width of t he  beam on the  screen  of t h e  osc i l l og raph  and w a s  no t  

more than  10%. 

The p o s i t i o n  of t h e  swi tches  P1P2 is :  1 - desorp t ion ;  2 - 

Pul se  measurements 

During measurement of 

A f t e r  pre l iminary  degassing of t he  p o i n t  a t  13500K, t h e  emission p a t t e r n  
__ 

is  randomly d ispersed  s p o t s  of var ious  shapes.  A similar p a t t e r n  can be ex- 

p la ined  c h i e f l y  by t h e  uneven oxide f i l m  a t  t h e  apex of t h e  po in t .  

on t h e  t i m e  of hea t ing ,  c r y s t a l l i t e s  can be  formed from t h i s  f i l m  and g ive  cor- 

respondingly s m a l l  emission p a t t e r n s  with t h e i r  symmetry. 

Depending 

A f t e r  t h e  f i r s t  s t a g e  of f i e l d  desorp t ion  t h e  emission p a t t e r n  i s  a more 

o r  less uniform luminescence i n  t h e  center  of t h e  sc reen  wi th  very  low-contrast  

(hard ly  d i s c e r n i b l e  t o  t h e  eye) image of t h e  f a c e t s .  Along t h e  per iphery  t h e  

s p o t s  u s u a l l y  s top,and a f t e r  hea t ing  a t  temperatures  from 1000 t o  13500K they 

migra te  to t h e  cen te r .  Then t h e  second s t a g e  of desorp t ion  i s  c a r r i e d  o u t ,  a- 

ga in  b r i e f  hea t ing ,  etc.  as long as the e n t i r e  f i e l d  of t h e  p r o j e c t o r  is  occu- 

p i ed  by t h e  image of t h e  emission p a t t e r n  of t h e  chosen symmetry. A f t e r  b r i e f  

hea t ing  (10-15 sec . )  a t  temperatures  of 900-10000K f o r  "smoothing" t h e  s u r f a c e  

of t h e  p o i n t  ( s ince  t h e  s u r f a c e  of the  po in t  a f t e r  d e s o r p t i o q i n  p r i n c i p l e ,  
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cannot be i d e a l l y  smooth due t o  var ious  

ing  an e f f e c t  on t h e  amount of desorped 

phys ica l  p r o p e r t i e s  of t h e  f a c e t s  hav- 

material), t h e  emission p a t t e r n s  have 

very  g r e a t  c o n t r a s t  (Figure 3 ,  a-e). 

s i l i c o n  g r e a t l y  exceeds t h e  c o n t r a s t  of t h e  emission p a t t e r n s  of metals, f o r  

example, tungsten.  

The c o n t r a s t  of t h e  emission p a t t e r n s  of 

I n  t h e  p re sen t  work i t  w a s  a l s o  proposed t o  i n v e s t i g a t e  t h e  temperature  

r e l a t i o n  of EEE i n  as g r e a t  a range of temperatures  as poss ib l e .  It turned  ou t ,  

however, t h a t  s i l i c o n  is  very  e a s i l y  ' 'adjusted" by a f i e l d  a t  temperatures  of 

about 800°K ( i n  paper [12] about 9000K) which narrowed t h e  range of temperature  

measurements. 

The volt-ampere curves f o r  d i f f e r e n t l y  o r i e n t e d  monocrystals of s i l i c o n  

of t h e  n- and p-type wi th  a s p e c i f i c  r e s i s t a n c e  of 0.05 - 72 ohm*cm were re- 

corded. 

be s t r a i g h t  l i n e s  w i t h i n  t h e  l i m i t s  of experimental  e r r o r .  Pu l se  measurements 

up t o  c u r r e n t s  of T, 7 0 1 0 - ~  A ( a t  higher  c u r r e n t s  "col lapse" of t h e  p o i n t  set  

i n )  gave a d e f l e c t i o n  of t h e  volt-ampere curve i n  t h e  d i r e c t i o n  of an  i n c r e a s e  

i n  c u r r e n t ,  wh i l e  a cu r ren t  under pu l se  condi t ions  a t  t h e  given vo l t age  in-  

c reased  t h e  cu r ren t  i n  t h e  s t a t i c  system by a t  least  one o rde r  of magnitude 

(Figure 4 ,  a-d). 

I n  t h e  range of c u r r e n t s  from 5-10-l' t o  lw5 A. They turned out  t o  
__ 

Figure  4 shows t h e  volt-ampere cu rve  i n  which t h e  cu r ren t  a t  a temperature  

of the p o i n t  of about 8000K ( e l e c t r o l y t i c  p o l i s h i n g  by t h e  f i lament  c u r r e n t )  is  

des igna ted  by t h e  po in t s .  The cu r ren t  a t  each p o i n t  of t h e  curve upon h e a t i n g  

t h e  p o i n t  increased  by no more than  15-20%. 

For s i l i c o n  t h e  maximal d i f f e rence  i n  t h e  work func t ion  along t h e  f a c e t s  

i s  less than  0.2 ev [20] and f o r  tungsten i t  i s  a l i t t l e  l a r g e r  [21] .  Conse- 

quen t ly ,  under similar cond i t ions ,  t h e  c o n t r a s t  of t h e  emission p a t t e r n  of 
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1. N 22.171, n-type, 
1 ohm-cm 
o p u l s e  system 
A s t a t i c  system 

I - 2  

.J 
- 4  

-5  
-6 

0 I 

< - I  I 

Lo-8 bb I 

-ID -9 

-I I 

3. N 5.37, n-type, 
24 ohm-cm 
A s t a t i c  system 

4 .  N 12.84, n-type, 
32 ohm-cm 
A s ta t ic  system 

T 3000K 
o s t a t i c  system 

T 8000K 

Figure 4 

s i l i c o n  must be  less than  t h e  c o n t r a s t  of t h e  tungs ten  p a t t e r n .  The observed 

h igh  c o n t r a s t  of t h e  emission p a t t e r n s  (Figure 3) must be ascr ibed  t o  t h e  l a r g e  

change i n  t h e  l o c a l  cu rva tu re  of t h e  s i l i c o n  su r face .  Only t h e  f a c t  t h a t  heat-  

i n g  t o  temperatures  of about 9000K f o r  a few seconds can occasion such a - 169 

s t r o n g  development of peaks and levels ( f o r  decreas ing  t h e  f r e e  s u r f a c e  energy) ,  

a l though t h e  energy of s u r f a c e  migrat ion is  2 ev [12] and d i f f e r s  l i t t l e  from 

t h e  energy of s u r f a c e  migra t ion  of tungsten [ 21 ] ,  causes  doubt. 
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It i s  p o s s i b l e  t h a t  a change i n  the  dens i ty  of t h e  s u r f a c e  states ( d i s t r i -  

bu t ion  of t he  Tammovskiy s u r f a c e  states) along c r y s t a l l o g r a p h i c  d i r e c t i o n s  [22] 

which i s  apparent ly  p o s s i b l e  a t  d e n s i t i e s  of t h e  s u r f a c e  states exceeding 5 x 

lo3 i n  1 em2,  has an e f f e c t  on t h e  con t r a s t  of t h e  emission p a t t e r n s .  One may 

assume a l a r g e  d e n s i t y  of t h e  s u r f a c e  states f o r  t h e  fo l lowing  reasons.  Since,  

f o r  s i l i c o n  wi thout  s u r f a c e  states,  a f i e l d  on t h e  o rde r  of l o 6  v/cm d i s t o r t s  

t h e  zones by a magnitude on t h e  o rde r  of a t e n t h  of an  e l e c t r o n  v o l t ,  t h a t  i s ,  

on t h e  o rde r  of t he  maximal d i f f e rence  i n  t h e  output  a long t h e  f a c e t s  of s i l i -  

con [2 ,  31,  f o r  two neighboring regions wi th  a d i f f e r e n c e  i n  t h e  work func t ions  

AF which is  a l s o  on t h e  o rde r  of a t en th  of an e l e c t r o n  v o l t ,  t h e i r  work func- 

t i o n s  w i l l  be  changed very  l i t t l e  i n  such a d i s t ance  d t h a t  t h e  f o r c e  of t he  

f i e l d  d w i l l  be  s u f f i c i e n t  t o  d i s t o r t  t h e  energy zones t o  a magnitude compar- 

a b l e  w i t h  AF. A t  AF = 0.2 ev t h e  necessary f i e l d  is  % l o6  v/cm and d i s  % 

cm, t h a t  i s ,  i n  t h i s  case t h e  emission p a t t e r n  must be more o r  less l i g h t  and 

AF 

~ 

dark  s p o t s  w i th  very smooth t r a n s i t i o n s  among them; even simply a uniform il- 

luminat ion  of t h e  sc reen  i s  poss ib l e .  

" f i e l d s  of spots"  and i n  t h i s  way prevent  d i s t o r t i o n  of t h e  energy zones. 

Such an explana t ion  a l s o  raises some doubt, s i n c e  wi th  l a r g e  magnitudes of t h e  

f i e l d  s t r e n g t h  t h e  energy b a r r i e r  of the s u r f a c e  states, gene ra l ly  speaking, i s  

a l r e a d y  suppressed and t h e  p a t t e r n s  are observed wi th  almost undecreasing con- 

trast. Some decrease i n  t h e  c o n t r a s t  observed i n  t h i s  case may b e  a t t r i b u t e d  

t o  t h e  i l l u m i n a t i o n  of t h e  dark  p laces  of t h e  p a t t e r n  by d ispersed  l i g h t  from 

t h e  b r i g h t e r  s e c t i o n s .  

Only t h e  s u r f a c e  states can sc reen  t h e s e  

- /70 

I n  F igure  5 a-c t h e  volt-ampere curves obtained i n  papers  [ l o ,  111 are 

p resen ted  f o r  comparison. 

I n  t h e  range of c u r r e n t s  which we i n v e s t i g a t e d  one may expect  a discon- 
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Figure 5 

t i n u i t y  i n  t h e  volt-ampere curves which i s  connected wi th  t h e  p e n e t r a t i o n  of 

t h e  f i e l d  i n t o  t h e  " typica l"  semiconductor [2-41. 

mate 

( l i n e a r  d i s t r i b u t i o n  of t h e  s u r f a c e  states, predominant emission from t h e  va l -  

ence zone, e t c . )  [ 4 ,  151. 

L e s s  probable  is  t h e  approxi- 

__ 
s t r a i g h t - l i n e  shape of t h e  curve,  p o s s i b l e  f o r  some except iona l  cases 

I n  n o t  one of t h e  volt-ampere curves which w e  ob ta ined ,  w i t h i n  t h e  l i m i t s  

On t h e  con t r a ry ,  of experimental  e r r o r ,  w a s  a s i m i l a r  d i s c o n t i n u i t y  observed. 

t h e  volt-ampere curves were bent  i n  the  d i r e c t i o n  oppos i te  t o  t h e  inc rease  i n  

cu r ren t .  Evident ly ,  t h i s  shape of t he  volt-ampere curves can be  explained by 

t h e  f a c t  t h a t  w i th  such f i e l d s  t h e  emission has  a non-equilibrium c h a r a c t e r  

[ 2 3 ] .  

u i t y "  of t h e  e l e c t r o n  gas i n  comparison w i t h  t h e  temperature  g r i d  and a depen- 

dence of t h e  e l e c t r o n  concent ra t ion  of t h e  conduct iv i ty  on t h i s  f i e l d .  

A s i g n i f i c a n t  electrical  f i e l d  w i t h i n  t h e  emitter l e a d s  t o  ' 'discontin- 

Volt-ampere curves s i m i l a r  t o  ours were obtained f o r  some semiconductor 

compounds [ 2 4 ] .  Such an e f f e c t ,  ev iden t ly ,  over laps  i n  t h i s  case t h e  s imple 
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s t rong"  pene t r a t ion  of t h e  f i e l d  i n t o  t h e  semiconductor.  However, as w a s  I t  

noted [ 2 5 ] , i n  some cases they  d i d  no t  succeed i n  producing superhea t ing  of t h e  

e l e c t r o n  gas ;  t h e  volt-ampere curves e i t h e r  depar t  from a s t r a i g h t - l i n e  - / 71 

shape i n  t h e  d i r e c t i o n  of a decrease  i n  c u r r e n t ,  as should be expected wi th  a 

s t rong  p e n e t r a t i o n  of t h e  f i e l d ,  o r  remain s t r a i g h t - l i n e  during t h e  simultaneous 

a c t i o n  of t h e  s t rong  p e n e t r a t i o n  and superheat ing.  

W e  no te  t h a t  s t r a i g h t - l i n e  curves must b e  obta ined  i n  t h e  case of s t r o n g  

degenerat ion of t h e  s u r f a c e  (approximation t o  me ta l s ) .  I n  t h i s  case, an  in-  

crease i n  cu r ren t  may be explained by p o s s i b l e  e f f e c t s  l i nked  wi th  t h e  i n i t i a l  

h e a t i n g  of t h e  p o i n t  by t h e  J o u l e  e f f e c t  due t o  t h e  passage of t h e  emission 

c u r r e n t  a long the  body of t h e  po in t .  Such i n i t i a l  hea t ing  i s  poss ib l e  a l s o  

f o r  a non-degenerated su r face .  Since,  i n  our  case, w e  cons ider  t h a t  degenera- 

t i o n  does n o t  occur ,  t h e  explana t ion  of t h e  i n c r e a s e  i n  cu r ren t  wi th  l a r g e  in-  

t e n s i t i e s  of "superheating" of t h e  e l ec t ron  gas seems t o  us  completely p l a u s i -  

b l e .  

-~ 

A "break" i n  t h e  volt-ampere curve between t h e  p u l s e  p o i n t s  and t h e  p o i n t s  

of t h e  s t a t i c  system (Figure 4 )  i s  not expla ined  by the  au thor  of paper [ l o ]  
(F igure  5).  It may, ev iden t ly ,  be supposed t h a t  i n  t h i s  case w e  are dea l ing  

wi th  some s o r t  of r e l a x a t i o n  processes  l i nked  wi th  t h e  s u r f a c e  of t h e  semicon- 

duc tor .  

CONCLUSIONS 

1. To o b t a i n  a c l ean  s u r f a c e  of s i l i c o n  emitters t h e  method of f i e l d  de- 

s o r p t i o n  w a s  used, e l imina t ing  t h e  necess i ty  f o r  i n t e n s e  hea t ing  of t he  p o i n t  

and decreas ing  t h e  p r o b a b i l i t y  of boron d i f f u s i o n ,  which permi t ted  a comparison 

(a l though only q u a l i t a t i v e )  of t h e  experimental  d a t a  wi th  t h e  t h e o r e t i c a l .  
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2. The volt-ampere curves of EEE obtained from silicon 'for different 

orientations of the monocrystals under static and pulse conditions are straight, 

deflecting in the direction of an increase in current. 

3 .  To explain the behavior of the curve in the region of large currents, 

the model of "initial heating" of the electron gas is drawn upon. 

4 .  The temperature dependence of EEE from silicon in this current range 

is a constant "addition" at each point of the curve of 15-20% at a temperature 

of about 8OOOK. 

I consider it my obligation to express gratitude to Professor G. N. Shuppe 

for guidance in the present work. 
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